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ABSTRACT

Invertebrate burrow morphologies and distributions are presented for the
tidal flats of the middle and lower reaches of the tide-influenced (mesotidal),
mud-dominated Mira River estuary (SW Portugal) as an analogue for inter-
preting the ichnology of palaeoestuarine successions. Burrow distributions
are revealed using field observations of biogenic and physical sedimentary
structures, trace makers, collected grab samples, push cores and lab measure-
ments of grain size, organic matter and calcium carbonate content and linked
to physico-chemical stresses. Estuarine tidal-flat surface open burrow distri-
bution and bioturbation intensity are analysed in plan view using free scien-
tific image analysis software (ImageJ) to obtain burrow density, total burrow
area and minimum and maximum burrow diameters. The total tidal flat area
occupied by organisms ranges from 0.8% to 4.1% in the middle estuary and
is 1.4% in the lower estuary. These equate to a bioturbation index of one to
two (BI 1-2). However, computed tomography (CT) of push cores
(cross-sectional view) taken on the same tidal flats shows sparse to complete
bioturbation intensity (BI 1-6), revealing that tidal flat sediments tend to be
more biogenically reworked cumulatively over time with overprinting of sub-
sequent tiers and/or recolonized. CT scanning also allows the identification
of more burrow types, demonstrates infaunal tiering and provides insights
into trace-fossil preservation potential. This research shows that the trace
communities are heterogeneous and change spatially and temporally along
the Mira River estuary, reflecting a physico-chemical gradient and seasonal-
ity. This trend signals changes in sediment composition, substrate type and
consistency (sediment compaction and subaerial exposure), salinity, oxygen-
ation, temperature, pH and interplay of tidal versus hydraulic energy.

Keywords coastal sedimentation, computed tomography, digital image
analysis, infauna, physico-chemical stress.
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INTRODUCTION

The present-day knowledge of traces in
brackish-water environments predominantly
comes from scrutinizing the behaviour of trace
makers and their resultant biogenic structures in
modern and Holocene depositional systems (e.g.
Pemberton et al., 1982; Beynon et al., 1988; Gin-
gras et al., 1999; Buatois et al., 2005; Wetzel
et al., 2017; Wetzel & Unverricht, 2020; Gingras
et al., 2025). Studying present-day analogues
offers a robust foundation for understanding the
relationships between known environmental fac-
tors (e.g. salinity, hydraulic energy, turbidity,
temperature, pH, oxygen saturation, substrate
texture and composition) and trace characteris-
tics (e.g. Elders, 1975; MacEachern et al., 2012;
La Croix et al., 2022). This knowledge can then
be applied to the rock and sediment record (e.g.
Gingras et al., 1999; Buatois et al., 2005; Dasht-
gard et al., 2008; Dashtgard, 2011a, 2011b; Gin-
gras et al., 2012). As such, neoichnological and
sedimentological characterization of modern
estuarine environments can also reveal trends
that reflect changes in sediment grain size, sub-
aerial exposure and sedimentation rate, among
others (Dashtgard, 2011a; Gingras et al., 2025).
Neoichnological studies of estuaries, deltas and
open tidal flats have been conducted since the
1920s in Northern Europe and later, since
the 1950s, in North America. Some of the first
studies come from the Wadden Sea, Germany
(e.g. Richter, 1920; Schafer, 1972) and the east-
ern coast of the USA (Frey & Mayou, 1971; How-
ard et al, 1975; Howard & Frey, 1975; Frey
et al., 1984). Later studies concentrated on the
Fraser River delta, BC, Canada (e.g. Swin-
banks, 1981; Swinbanks & Murray, 1981; Swin-
banks & Luternauer, 1987; Luternauer et al.,
1995; Dashtgard, 2011a, 2011b; Ayranci et al,
2014), Willapa Bay, WA, USA (e.g. Gingras
et al., 1999, 2002a; Schoengut, 2011; Gingras
et al, 2014), Tillamook Bay, OR, USA (Bis-
tran, 2014), Bay of Fundy area, NS and NB, Can-
ada (Pearson, 2006; Pearson & Gingras, 2006;
Hauck, 2008; Hauck et al.,, 2009; Dashtgard
et al., 2014; Shchepetkina et al., 2016c), and
Ogeechee River estuary, GA, USA (Gunn et al.,
2008; Shchepetkina et al., 2016a). To the best of
our knowledge, no neoichnological studies have
been conducted in Portugal, except for a few
recent studies on the CT scanning of the Mira
River estuary tidal flats (Shchepetkina et al,
2023) and preserved crab traces on tidal flats
(Shchepetkina, 2025).

Trace fossil assemblages formed in estuarine
settings are characterized by the brackish-water
ichnological model (Pemberton et al., 1982;
Wightman et al., 1987; Beynon et al., 1988;
Maceachern & Pemberton, 1994; Buatois et al.,
2005; MacEachern & Gingras, 2007), and have
been described as ‘mixed Cruziana—Skolithos
ichnofacies’ (e.g. Greb & Chesnut, 1994; Hovi-
koski et al., 2007) and as ‘depauperate Cruzi-
ana Ichnofacies’ (e.g. Soldrzano et al., 2017;
Zhang et al., 2017). However, recently, Gingras
et al. (2025) have erected a new ichnofacies for
trace fossil assemblages of paralic to shallow-
marine, persistently brackish-water environ-
ments and termed it the Teichichnus Ichnofa-
cies. This ichnofacies mainly reflects the
response to reduced salinity and tidal pro-
cesses that dictate the sporadic (temporally and
spatially) food resource distribution. The Tei-
chichnus Ichnofacies is defined by trace dimi-
nution, reduced trace diversity (typically 1 to 4
ichnogenera), especially with increasing
physico-chemical stress, permanent structures
for surface deposit feeding, intrastratal deposit
feeding, lesser for filter feeding, variable biotur-
bation intensity (BI 0 to 6) and opportunistic
infaunal behaviour with top-down colonization
due to rapid deposition of event beds. Both
Buatois et al. (2005) and Gingras et al. (2025),
based on neoichnological studies, also point
out that, modern brackish-water deposits are
typified by: (1) high diversity of burrowing ani-
mals in the lower and middle reaches of the
estuaries, and lower diversity of burrowing
infauna in the upper estuary; (2) high bioturba-
tion intensity within sediments, unless the
biota is overwhelmed by stresses like high
water turbidity and/or lowered oxygenation; (3)
the predominance of traces created by poly-
chaetes, molluscs and crustaceans; (4) a wide
variety of substrate types present (i.e. soft-
ground, stiffground, firmground, hardground
and woodground); and (5) the prevalence of
opportunistic behaviours of infauna necessary
to overcome stressful environmental
conditions.

As neoichnological trends are considered
an excellent proxy for the interpretation of
sedimentary environments in the rock and
sedimentary record (Dashtgard, 2011a), stud-
ies linking physico-chemical stresses with
burrow architecture (i.e. morphology and
internal structure of burrows) and the ichno-
logical character of sediments (i.e. bioturba-
tion intensity, trace diversity, tiering and
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Fig. 1. (A) Location of study sites in the Mira River estuary. Inset: Regional map of the Iberian Peninsula showing
the location of the study area in southwestern Portugal. (B) Satellite image of the Casa Branca (CBr) middle estu-
ary study site showing the location of grab samples (in white), two push cores (in yellow) and the direction of the
fluvial current (white arrow). Site 1: samples M1.1-M1.3; Site 2: sample M1.4; Site 3: sample M1.5, push cores
CBR1T.F-CBR2T.F. (C) Satellite image of the Vila Nova de Milfontes (VNMF) lower estuary study site showing the
location of grab samples (in white), three push cores (in yellow) and the direction of the fluvial current (white
arrow). Site 1: samples M2.1-M2.2; Site 2: push core VNMF1; Site 3: samples M2.3-M2.4, push cores VNMF2-3;

Site 4: sample M2.5. For more details, see Fig. 2.

ichnofacies) are still critically needed. Herein,
sedimentological, neoichnological and
physico-chemical trends for the tidal flats of
the lower to middle mesotidal Mira River
estuary in SW Portugal are established. Such
an assessment reveals the importance of vari-
ous physico-chemical (e.g. salinity, turbidity
and pH) and biotic stresses (e.g. predation
pressure, competition for space and resources,
seasonal or lifecycle behaviours) imposed on
the resulting neoichnological assemblage. Dis-
tributions of individual taxa and bioturbation
intensity derived from the estuarine tidal-flat
surfaces (horizontal section) are calculated
and compared to those of push cores (vertical
section) using computed tomography (CT).

STUDY AREA

The Mira River estuary is a narrow, almost pris-
tine coastal plain estuary in the Sudoeste Alen-
tejano e Costa Vicentina Natural Park, SW
Portugal (Fig. 1A; Blanton et al., 2000; Castro &
Freitas, 2006; Adao et al., 2009; Duarte et al.,
2020) surrounded by 285 ha of salt marshes
(Costa et al., 2001). The Mira River originates in
the Serra do Caldeirao and flows northwards for
145 km, reaching the Atlantic Ocean close to
Vila Nova de Mil Fontes at 37°43'08"N,
08°47'17"W (e.g. Blanton et al., 2000). Its water-
shed constitutes approximately 1600 km?, with
sediment supplied from the source rocks repre-
senting greywackes, pelites, slates, schists and
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conglomerates (e.g. Fatela et al., 2016; Moreno
et al., 2017). The estuary is up to 400 m wide
near the mouth and 70 to 75 m in its middle
part, while depth varies from 20 m to 3-5m
sailing upstream along these zones (Ré, 1996;
Picado et al., 2020).

The Mira River estuary is mesotidal whose
semi-diurnal tides record a mean tidal range of
2.4 m, neap tides of 1 to 2 m and a maximum
tidal range of 3.5m (e.g. Blanton &
Andrade, 2001; Paula et al., 2006; Amaral et al.,
2007; Moreno et al., 2017; Duarte et al., 2020;
Picado et al., 2020). The estuary is tide-
influenced and is characterized by flood tidal
dominance, allowing the landward transport of
well-oxygenated water coupled with high resi-
dence times (Picado et al., 2020). The highest
residence times have been noted for the middle
estuary, reaching 12 days in winter and 50 days
in summer (Picado et al., 2020). The salt wedge
propagates up to 32 km upstream in summer
(e.g. Bettencourt et al., 2004; Moreno et al.,
2017, 2019), and the dynamic tide extends
almost 40 km inland (Costa et al.,, 2001). The
area is characterized by a Koppen Csb climate
type, with a mean annual precipitation of
645 mm and hot summers with mean annual
temperatures of 25 to 28°C (e.g. Fatela et al.,
2016). Freshwater inflow is seasonal and low
(2.9 to 10 m®/s), and nearly 0 m®/s in dry years
(Costa et al., 2001; Ferreira et al., 2003). River
discharge is mainly controlled by an irrigation
dam located upstream (Costa et al., 2001). High
river discharge, averaging 18 m®/s and reaching
500 m®/s during rainy seasons, occurs from Jan-
uary to February and April, whereas low fluvial
discharge is typical for July to August and Octo-
ber to November when it drops to 1 m®/s (Blan-
ton et al., 2000; Blanton & Andrade, 2001; Fatela
et al., 2016; Duarte et al., 2020). The estuary is
vertically homogeneous during spring tides and
slightly stratified during neap tides (Paula, 1998;
Blanton & Andrade, 2001). Salinity in the Mira
River estuary is highly variable, depending on
the season and fluvial discharge, and the lower
estuary is normally characterized by mesohaline
to euhaline water salinities (15 to 369%,;
Paula, 1998; Blanton & Andrade, 2001; Costa
et al., 2001; Fatela et al., 2016), whereas in the
upper reaches, salinities range from 0.5 to 5%,
(Paula, 1998; Adao et al., 2009). Despite being
relatively undisturbed by anthropogenic activi-
ties, the estuary experiences pollution due to
agricultural, breeding and aquacultural activi-
ties, as well as urban wastewater discharge and

seasonal tourism (Costa et al.,, 2001; Castro &
Freitas, 2006).

Two locations (with three to four sites each)
were selected for this study. These are situated
along the intertidal flats of the middle and lower
Mira River estuary, as defined by water salinity
gradient and residence times (Picado et al.,
2020), and are bordered by salt marshes. The
middle estuary location is situated ~11 km
upstream from the estuary entrance on the
muddy tidal flats of Casa Branca (CBr, Location
1, Fig. 1A, B), while the lower estuary
location lies 2 km upstream from the estuary
entrance near Vila Nova de Milfontes (VNMF,
Location 2, Fig. 1A to C).

METHODS

Fieldwork was carried out from 30 to 31 June
2021, at neap low tide (1.29 m). Data collection
in the field included: (1) surficial observations
of physical and biogenic sedimentary structures;
(2) observations of burrow morphology and
infaunal organisms in shallow trenches; (3) in
situ measurements of water salinity, dissolved
oxygen, temperature and pH at low and high
slack-water periods; (4) collection of surficial
grab samples and ~1 m long push cores; (5) field
photography; and (6) thickness measurements of
the fluid mud layer. Field photography was
accomplished using a Canon PowerShot G1 X
with the following settings: 180 x 180 resolu-
tion, RGB colour space, ISO 200, exposure time
1/1250, focal length 15.1 mm and a 15.1 to
60.4 mm lens. Water salinity (%,), temperature
(°C), pH and dissolved oxygen (%) were mea-
sured using the WTW Cond 197i and WTW Oxi
197i probes. The pH probe revealed a misfunc-
tion in the field. Therefore, the average pH mea-
sured at the same sites during the historically
comparably low-flow seasons in April 2006,
May 2007 and November 2019 was calculated.
One to three surficial (0 to 1 cm depth) grab sed-
iment samples, with a total of 10, were taken at
each station along the depositional profile. Each
grab sample represented approximately 100 to
200 mL in volume, roughly equivalent to a
handful of sediment. Push coring was conducted
using 3" (7.5 cm), 50 cm long PVC pipes: Two
push cores were collected from the tidal flat of
the middle estuary, and three push cores were
obtained from the lower estuary tidal flat. While
the core depth varied depending on substrate
resistance, the cores reached the depths of 37 to
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50 cm. After collection, push cores were capped
and kept in a cool chamber (IPMA Tavira) at
4°C to preserve moisture and avoid diagenetic
alterations and sediment desiccation.

Laboratory methods included: (1) grain size,
organic matter and total calcium carbonate con-
tent analyses on grab samples and push cores
(with a 3-cm step); (2) computed tomography
(CT scanning) of whole-round cores; and (3)
daylight photography and core logging of all
split cores.

The coarse-grained fraction of the grab samples
(0.063 to 2 mm) was analysed using a set of stan-
dard laboratory test sieves (Retsch D-42759, Ger-
many). Eight classes of sediment calibres were
measured from silt and clay (<0.063 mm) to peb-
ble sizes (>4 mm). The fine-grained fraction
(<0.063 mm) of the grab samples was then
sub-sampled and analysed on a laser diffraction
particle size analyser Malvern Hydro 2000 MU
(Faculty of Sciences, University of Lisbon), where
the samples were treated with 10% potassium
hydroxide to dissolve organic material and
deflocculated using 30% sodium hexametapho-
sphate. The procedure for fine-grained measure-
ments using Malvern Hydro 2000 was as follows:
(1) 0.08 g of each sample was diluted with
~20 mL of deionized water and 1 to 2 mL of
sodium hexametaphosphate; (2) diluted samples
were vigorously mixed and left to stand for 20 to
24 h; (3) samples were passed through an ultra-
sonic bath (Transsonic T820/H) for 1 to 3 min;
and finally, (4) five measurements of each sample
were taken in a Malvern water chamber, and the
average of these five passes was calculated. Gran-
ulometric analysis of the push cores was con-
ducted using a laser diffraction particle size
analyser (Malvern Mastersizer 3000) coupled
with an automated wet dispersion unit (Hydro
LV; IPMA station, Tavira, Algarve). Prior to analy-
sis with the Malvern Mastersizer 3000, the sam-
ples were also treated with 10% potassium
hydroxide to dissolve organic material and
deflocculated in 10 mL of deionized water with 3
to 4 drops of 30% sodium hexametaphosphate
before repetitively measuring each sample in a
water chamber. The average of five passes was
used for grain-size analysis. Based on the clay,
silt, sand and gravel percentages, the sediments
were classified following Folk (1954). Moreover,
all grain-size data were entered in GRADISTAT
4.0 (Blott & Pye, 2012) and analysed using statisti-
cal formulae following the Method of Moments in
Microsoft Visual Basic programming language
(i.e. mean grain diameter, sorting, skewness and
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kurtosis). Grain-size parameters were calculated
geometrically (in microns) and logarithmically
(using the phi scale) following Krumbein & Petti-
john (1938). Although statistical parameters such
as sorting, skewness and kurtosis were deemed
useful for distinguishing between sands from
beach, dune and aeolian environments (Mason &
Folk, 1958) and have been previously used for
palaeoenvironmental interpretations (Krumbein
& Pettijohn, 1938; Folk & Ward, 1957; Mar-
tins, 1965), their applicability is limited in the
rock record, where grain disaggregation and sieve
analysis are often not feasible. If recorded, sorting
indicates the uniformity of grain-size distribu-
tion, skewness shows the departure from a sym-
metry in grain-size distribution, while graphic
kurtosis reflects its sharpness or peakedness. If
addressed qualitatively in the rock and sedimen-
tary record, poor sorting can help indicate imma-
ture sediments, short sediment transport paths
and fluctuations in the hydrodynamic energy
conditions of the depositional environment
(Sahu, 1964). Recorded positive or fine skewness
(symmetrical to fine; Blott & Pye, 2012) would
indicate the addition of fine-grained material to
the predominant coarser-grained fraction, where
fines are not removed by currents or waves (under
the assumption of minimal sediment mixing).
Additionally, positive skewness would character-
ize unidirectional transport in rivers, which is
the case here (Martins, 1965). Meso- to leptokur-
tic grain-size distribution would indicate slightly
better sorting in the central portion of the
grain-size distribution than that in the tail
(Folk, 1966; Boggs, 2009).

High-resolution CT scanning was carried out
on a GEOTEK MSCL-XCT to visualize sedimen-
tary and biogenic structures, biogenic tiering
and the nature of bed contacts within whole
cores. The scanned cores were slabbed using a
circular table saw (model ETS 3151 L Sawking),
logged, photographed in daylight and sampled
every 3 cm.

The organic matter content of the samples was
established using the loss-on-ignition (LOI) tech-
nique outlined by Heiri et al. (2001). Wet sedi-
ment samples were desiccated by baking at
105°C for 24 to 25 h, and the initial weight of
the dry samples was measured. The samples
were then calcinated for 2 to 4 h at 550°C to
remove any trace of organics, and the final mass
of the sediment was measured. The difference
between the initial and final weight was calcu-
lated in percentages, quantifying the content of
organic matter in the sample.
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6 A. Shchepetkina et al.

The calcium carbonate content was estimated
using a calcimeter Eijkelkamp following the
Scheibler method modelled after Kretzsch-
mar (1991) and based on a volumetric technique
by adding hydrochloric acid to the sample. The
difference in water levels measured in a burette
is an indication of the released quantity of CO,,
from which the carbonate content is calculated.
The carbonate content is expressed as an equiva-
lent calcium carbonate content. The results of
the grain size, organic matter and calcium car-
bonate content analyses are presented in Tables 1
and 3.

The 3D volume created by CT was cut verti-
cally at 0° to 180° and 270° to 90° to produce
core slices. CT image reconstruction for the five
cores was performed using Geotek Reconstructor
software. Geotek CT_Quickview software was
utilized to obtain representative down-core
orthogonal slices from core segments. All core
slices were then analysed in terms of neoichno-
logical assemblages, tiering relationships, degree
of bioturbation, potential originating organisms,
taphonomic potential and physical sedimentary
structures. The degree of plane-bedding and
cross-section bioturbation was determined using
the bioturbation index (BI)—a semi-quantitative
assessment of bioturbation intensity based on
the percentage grades of sediment reworked by
organism activity, where BI 0 indicates no bio-
turbation recorded and all original sedimentary
structures preserved, to Bl 6, meaning that bed-
ding is totally homogenized by biogenic activity
(Reineck (1963) as modified by Taylor &
Goldring (1993)).

Statistics on open burrow density from tidal
flats  were  acquired using ImageJ—a
public-domain Java image processing and analy-
sis program. Twenty-two areas representing
three sites in the middle estuary and two sites
in the lower estuary (Fig. 1, Table 2) were cho-
sen for digital image analysis. Two other sites in
the lower estuary were excluded from the digital
analysis because one of the sites is densely cov-
ered by Zostera noltii, obscuring the burrows
from view, while another site (marsh) contains
only large crab burrows, which were excluded
from the digital burrow analysis.

Depending on the quality of the collected
images, the size of the analysed areas ranged
from 100 to 1600 cm?, with the following
parameters collected: generalized burrow counts
(open burrows only), burrow density (per m?),
total burrowed area (%) and minimum and max-
imum burrow diameter (cm). For the image

digital analysis, the biogenic structures were
grouped together without considering the sur-
rounding disturbed sediments with surficial
tracks and traces, and the plane-bedding BI was
calculated solely based on open burrow open-
ings. The results are presented in Table 2.

Herein, all biogenic structures made by
infauna are named based on their resemblance
to  known  ichnotaxa and  established
tracemaker-ichnotaxa associations (see
Dashtgard, 2011a and references therein). It
should be noted that even though modern traces
should not be formally named after ichnotaxa
(Bertling et al.,, 2006, 2022), this approach is
employed in neoichnology for clarity and con-
sistency (Dashtgard, 2011a).

RESULTS

Grain-size distribution, and organic and
calcium carbonate content

Surficial samples: Lateral sediment
distribution

The results of grain-size analysis of grab samples
and the uppermost layer (0 to 1 cm) of push
cores are presented in Table 1 along with statis-
tics (i.e. mean, sorting or standard deviation,
skewness and kurtosis). Visual representation of
sediment grain-size distributions for all samples
along the middle and lower reaches of the Mira
River estuary is depicted in Fig. 2. Two ternary
diagrams (i.e. gravel-sand-mud and sand-silt-
clay) after Folk (1954) with sample allocations
are presented in Fig. 3.

In general, the Mira River middle estuary tidal
flats (CBr; Table 1) are characterized by silty
sand (~6% clay), sandy silt (~23% clay), silt
(~23% clay) and slightly gravelly muddy sand
(~6% clay), with a deeper, more compact layer
sampled by push cores characterized by mud
and sandy mud (Table 3). All sediments are
poorly to very poorly sorted, and the grain-size
distribution is symmetrical to very fine skewed
(i.e. shows an excess of fine particles). The sedi-
ments are predominantly meso- to leptokurtic.
The organic matter content averages 7.2%, with
a maximum value of 9.1% and a minimum
value of 4.5%. Calcium carbonate values are
low, varying between 0% and 2.8%, with an
average of 1.6%.

The lower Mira River estuary tidal flats
(VNMF) are coarser-grained, being characterized
by gravel-bearing medium- to coarse-grained
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CBRITF

Particle Diameter (¢)

CBR2T.f

aricle Diameter () =y

Class Weight (%)
sz EEYREERR

LEGEND

Clay (<4 pm) Coarse sand (0.5-1 mm) Mira river channel M1.3 Grab sample number

Silt (63-4 um) Very coarse sand (1-2 mm) Sandy tidal flat CBRITF  push core sample number

Very fine sand (0.063-
0.25 mm)

Fine sand (0.25-0.5 mm)

Granules (2-4 mm) Muddy tidal flat Weight % total organic

carbon (TOC)/ CaCO3
Wetland (marsh) for the sample

| (1
UG

Pebbles (> 4 mm)

O  Grab sample

Medium sand (0.5-1 mm
u ( ) O  Push core sample (0-1 cm)

i

Fig. 2. Map of sediment distribution (surficial grab samples) and upper layer of push cores across the tidal flats
of the middle (A) and lower (B) Mira River estuary with site and sample numbers. Middle estuary (A) also depicts
the subdivision of the tidal flats into three terraces corresponding to lower, middle, and upper tidal flats. Red
lines represent cross-sections along and across the tidal flats depicted in Fig. 13.
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EI Gravel Sand
o M23
Sand
Gravel o M1.1
VNMF 3
= M1.2
M14¥%¢ M1.5
VNMF 2
Clayey Muddy Silty
sand sand sand
Muddy gravel | Muddy sandy. _ Sandy
gravel & ~ gravel
Sandy clay Sandy mud Sandy silt
VNMF 1
Gravelly mud Gravelly muddy M22e\ Gravellysand
sand X
o«
CBRI1T.F
+M25\ ®M21 CBR2T.F
2 Q M24e * eM13 o Clay Mud Silt \
Mud X D ) c: Sand Clay Silt
Mud Sandy mud Muddy sand Sand
Slightly Slightly gravelly Slightly gravelly Slightly
gravelly mud sandy mud muddy sand gravelly sand

Fig. 3. Ternary diagrams for gravel-sand-mud (A) and sand-silt-clay (B) distribution for the Mira River estuary
grab and uppermost layer of push core samples (after Folk, 1954).

sand and gravel-bearing muddy sand deposited
on the upper tidal flat. By contrast, the middle
to lower portions of the VNMF tidal flats present
sandy silt, silty fine- to medium-grained sand
and medium-grained sand. Sediment sorting is
generally very poor, with skewness ranging from
very fine (i.e. excess of fine particles) to symmet-
rical. With respect to kurtosis, the sediments
vary from platykurtic to very leptokurtic. The
tidal flats of the lower Mira River estuary pre-
sent semi-detached sand bars oriented parallel
to the shore (Fig. 4B, D) with lower areas occu-
pied by tidal creeks and tidal flats covered in
microscopic algae, Spartina maritima, and Zos-
tera noltii during spring-summer seasons
(Fig. 4D). Organic matter content averages 5.3%,
with a maximum of 9.5% and a minimum of
2.5%. Calcium carbonate content is high, averag-
ing 20.8%, with a maximum value reaching
38% in the lower tidal flat and a minimum of
4.3% in the upper tidal flat.

Push cores: Vertical sediment distribution
Results of grain-size analysis of the vertical push
cores (sampling step of 3 cm) are presented in
Table 3 along with sample statistics. The ternary
diagrams (sand-silt-clay) after Folk (1954) and
grain-size distribution diagrams with sample
allocation are presented in Fig. 5.

In general, the Mira River middle estuary push
cores (CBR1T.F and CBR2T.F) are represented

by very fine-grained sediments, predominantly
mud (silt+clay >90%) and sandy mud (silt+clay
79.5 to 90%). Silt is always the predominant
component compared to clay, ranging from
64.9% to 77.8% for CBR1T.F and from 60.4% to
80.0% for CBR2T.F. Clay percentages are similar
in both cores, constituting an average of 18.1%
for CBR1T.F and 20.7% for CBR2T.F. Sand per-
centages never exceed 20.5% in CBR1T.F and
12.9% in CB2T.F. In both cores, the sediments
are poorly sorted, except for CBR1T.F at a depth
of 6 to 7 cm (very poorly sorted and symmetri-
cally skewed) and CBR2T.F at depths of 6 to
7 cm and 45 to 46 cm (coarsely skewed). The
sediments of these push cores are also predomi-
nantly mesokurtic and less commonly platykur-
tic, except for a leptokurtic layer at a depth of 6
to 7 cm in CBR2T.F. The organic matter content
is slightly higher in CBR1T.F, ranging from
4.5% to 12.9%, although the averages in both
cores are similar (7.1 to 7.2%). Calcium carbon-
ate content is also very similar in both cores,
with a maximum of 4.3% for CBR1T.F and 4.1%
for CBR2T.F.

In the lower Mira River estuary tidal flats
(push cores VNMF1-3), the sediments are
coarser and constitute predominantly sandy
mud (VNMF1, VNMF2 and VNMF3), followed
by muddy sand (VNMF2 and VNMF3) and
slightly gravelly muddy sand (VNMF2).
VNMF1 is the finest (with a mud layer located
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Terrace 1
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1

|

Fig. 4. Geomorphology of the middle (A) and lower (B) Mira estuary tidal flats, with the direction of the fluvial
current (white arrow) and semi-detached sand bars (yellow arrow). (C) Semi-consolidated mud on the middle
estuary tidal flat is fully covered in crab-generated scratch marks/fish-generated ‘cruzianaeform’ bite marks, as
well as other burrow openings. Pen for scale (1.5 cm in diameter). (D) Lower Mira estuary sandy tidal flats occu-
pied by patches of microscopic algae, Spartina maritima, and Zostera noltii and semi-detached sand bars in the

background (yellow arrow).

at 30 to 31 cm) and VNMF3 is the coarsest,
preserving sand layers at the base (36 to 37 cm
and 42 to 43 cm). In VNMF1 and VNMF2, mud
is the predominant component, reaching 91.8%
and 86.9%, respectively. Silt ranges from
49.1% to 76.4% for VNMF1 and from 21.7% to
69.6% for VNMF2. Sand averages 22.1%,
43.3% and 44.6% for the three push cores,
respectively. The lower estuary push cores are
predominantly very poorly sorted. In the bot-
tom part of VNMF1 and VNMF3 and in a few
layers of VNMF2 (15 to 16 cm) and VNMF3 (3
to 4 cm, 21 to 22 cm), the sediments are poorly
sorted. The skewness is symmetrical in VNMF1
and predominantly symmetrical with some
very finely skewed layers in VNMF2 and

VNMF3. Moreover, VNMF3 showcases a
coarsely skewed layer at a depth of 24 to
25 cm. In terms of kurtosis, the sediments are
platykurtic, except for the lower part of
VNMF1 and VNMF2, where mesokurtic sedi-
ments are also present. VNMF3 differs from the
other cores by showing leptokurtic kurtosis,
especially at the top of the core and very lepto-
kurtic sediments at the base of the core (36 to
37 cm and 42 to 43 cm). Organic matter con-
tent in the lower estuary push cores (VNMF) is
lower than that in the middle estuary ones
(CBr). The average values diminish from
VNMF1 to VNMF2 and VNMF3, constituting
6.2%, 4.6% and 3.9%, respectively. Inversely,
the calcium carbonate content in the lower
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14 A. Shchepetkina et al.
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Fig. 5. Ternary diagrams (sand-silt-clay) and grain-size distribution diagrams (with particle diameter in pum) for
push cores CBR1T.F (A), CBR2T.F (B), VNMF 1 (C), VNMF 2 (D) and VNMF 3 (E). (F) Variation in grain size

(D50) relative to depth for each push core.

estuary cores is much higher than that in the
middle estuary, with an average of 14.1%
(VNMF1), 24.1% (VNMF2) and 23.8%
(VNMF3).

Physico-chemical parameters

Water salinity, temperature and dissolved
oxygen concentrations were obtained at the sur-
veyed sites during neap low and high slack-
water periods (Table 2), with pH from historical
data (see Methods section). At neap low tide
(LT) and high tide (HT), the measured salinities
in the middle estuary (CBr) were 24.79%, and
28.9%,  the temperatures were 24.6°C
and 23.9°C, and oxygen saturations reached
89.4% and 77.6%, with estimated pH values of
7.7 and 8.0, respectively. As for the lower estu-
ary (VNMF), at neap low and high tides, the
salinities were 35.0%, and 35.39%,, water temper-
atures were 21.8°C and 17°C, oxygen saturations
ranged from 63.5% to 63.9%, and estimated pH
values were 8.1 and 8.2, respectively.

Neoichnology

Trace makers and burrow morphology: Field
observations

At the middle estuary location (CBr), the deposi-
tional surfaces occupying the lower, middle,
and upper terraces, as well as the marsh cliffs
(Fig. 4A), are characterized by persistent biotur-
bation (Fig. 6, Table 2). In plan view, the lower
and middle intertidal flats are dotted with small
burrow openings 1-3 mm and 3-5 mm in diam-
eter (Figs 4C and 6F). In cross-section, however,
burrows are predominantly vertical, inclined, Y-
shaped or inverse Y-shaped (Fig. 6A to E),
branching at a depth of ~5 cm (Fig. 6B). Some
burrows present shorter, horizontal components,
with the number of horizontal burrows increas-
ing upwards along the tidal flat slope (Fig. 6]).
The burrows are lined with mucus within the
first ~1 cm of brown, oxygenated mud and are
protected by thick brown linings where they
pass into dysoxic, black sediments (Fig. 6A to C,
E). These burrows penetrate between 1 to 2 cm
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and 6 to 7 cm deep and can be classified as
Skolithos, Arenicolites, Diplocraterion, Polykla-
dichnus and Palaeophycus (Table 2). The larger
diameter burrows (3 to 5 mm) are attributed to
mobile vermiform organisms such as Hediste
diversicolor (Fig. 6A, B) and Nephtys caeca,
with the latter being reported as the predomi-
nant bioturbator in the Mira mudflats by Costa
et al. (2001). The smaller burrows (1 to 3 mm in
diameter) are likely formed by isopods such as
Cyathura carinata (Fig. 6C). Skolithos and Are-
nicolites can be produced by siphons of bivalves
such as Scrobicularia plana and Corbicula flu-
minea (Fig. 6E, F). Living shells of Scrobicularia
plana were discovered ~3 to 10 cm below the
substrate surface (Fig. 6E). The soft to
semi-consolidated mud surfaces are also abun-
dantly covered in marks formed by crab cheli-
peds or Sparidae fish (Fig. 4C), locomotion
trackways by Carcinus maenas/Uca tangeri
(Fig. 6H), burrow entrances/exits measuring ~3
to 4 cm in diameter (some with sculptings near
the entrance; Fig. 6G) by Carcinus maenas/Uca
tangeri and elongated faecal pellets (Fig. 6G, H).
This array of biogenic structures is produced by
the Atlantic shore crab Carcinus maenas, fiddler
crab Uca tangeri and possibly by Sparidae fish
(Vinagre et al., 2010; Muniz et al, 2015;
Belaustegui & Muiiz, 2016; Shchepetkina, 2025;
Fig. 6G inset). Carcinus maenas was observed
during the daylight hours roaming the tidal flats
and marshes, seeking shelter in burrows, cavi-
ties and under rocks. Crab tracks and trackways
are similar to Coenobichnus (Fig. 6H), scratch
marks or fish bite marks are ‘cruzianaeform’
(Muniz et al., 2015; Shchepetkina, 2025), open
burrows resemble Psilonichnus and Spongelio-
morpha (Shchepetkina, 2025; Fig. 6G), whereas
faecal pellets are Favreina-like (Shchepet-
kina, 2025). The sediments can also contain root
traces (rhizoliths) and other detrital debris.

The upper tidal flat is represented by more
consolidated sediments, commonly covered in
desiccation cracks (Fig. 6H, I). The surface
exhibits abundant dotted pits (locomotion
marks; Fig. 6H) and faecal pellets (Fig. 6G, H)
from Carcinus maenas/Uca tangeri, horizontal
lined burrows (3 to 5 mm in diameter; Fig. 6])
found 2 to 3 cm below the surface (unknown
producer), and back-filled excavations with tiny
mud pellets, likely formed by an insect or insect
larvae (Fig. 61). The burrow morphologies resem-
ble Coenobichnus (tracks and trackways;
Fig. 6H), Palaecophycus (horizontal burrows;
Fig. 6]) and Taenidium (back-filled

Neoichnology of the Mira River estuary 15

burrows; Fig. 6I). Surfaces located near the
marsh cliff contain abundant marsh-eroded mud
clasts (Fig. 6K).

Marsh cliffs are 30 to 90 cm in height and
consist of semi-consolidated sediment. They
contain open Psilonichnus (Fig. 6L) approxi-
mately 1 to 2 cm and 6 to 7 cm wide, main-
tained by Uca tangeri and probably used as
shelter by Carcinus maenas. However, most of
the burrows seem to be abandoned due to sub-
strate desiccation. Marsh cliffs can also be inten-
sively penetrated by root traces (Fig. 6L). The
high marsh sediments contain deep mud cracks
and are partially vegetated by Sarcocornia sp.,
Atriplex (Halimione) portulacoides, Spartina
maritima and Sueda maritima, as well as Juncus
maritimus and Limonium narbonense in more
elevated areas (Fig. 6K).

The tidal flats of the VNMF lower estuary
exhibit greater variability in morphology, sedi-
ment composition and neoichnological signature
(Table 2). The lower tidal flat is composed of
~1 cm of brownish sand and contains dysoxic,
black sediments beneath (Fig. 7A to C). The
tidal flat surface is covered by small openings (1
to 2 mm in diameter) of vertical to inclined bur-
rows (Fig. 7A, B), some with agglutinated lin-
ings (~3 mm thick; Fig. 7C), similar to thin
Skolithos and Arenicolites and likely formed by
polychaetes (e.g. Hediste diversicolor) and the
tube-living worm Lagis koreni (Fig. 7C inset).
Some burrows feature a Fe halo (Fig. 7D, F),
extend deeper into the substrate and resemble
Skolithos and Palaeophycus. Other burrows
branch out at a depth of 3 to 5 cm, forming hori-
zontal components similar to Palaeophycus and
Planolites (Fig. 7D). The top 1 to 2 cm of the
sediment commonly contains U-shaped Arenico-
lites and Diplocraterion produced by Corophium
orientale (Fig. 7E) and Y-shaped burrows similar
to Polykladichnus likely produced by Hediste
diversicolor ~or Nephtys caeca. Juvenile
Hediste diversicolor (Fig. 7B) also seems to pro-
duce 2 to 3 mm thick vertical to inclined traces
similar to Skolithos, whereas Capitella capitata
(Fig. 7B inset) produces 0.5 to 1 mm thick bur-
rows similar to Skolithos and Palaeophycus.
The producer of larger (7 to 8 mm diameter),
mud-lined Skolithos-like burrows was not visi-
ble. Vertical to inclined Ophiomorpha with a
knobbly surface is likely the product of decapod
activity (Fig. 7F).

The middle portion of the tidal flat is occu-
pied by a tidal creek and covered by gravel, fila-
mentous green algae, Fucus vesiculosus and
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16 A. Shchepetkina et al.

Rhodophyta (Fig. 7G, H). The upper 1 cm is
composed of brownish muddy sand, gravel and
seaweed, with the rest being represented by dys-
oxic, black mud (Fig. 7H, I). The creek is occu-
pied by openings of vertical, thickly lined
burrows similar to Skolithos, Arenicolites and
Polykladichnus, as well as larger, vertical to

inclined shafts of crabs that could represent
Thalassinoides, with the vertical morphology of
the latter remaining unknown as no resin/wax
casting was attempted. More compacted mud
patches host Psilonichnus-like crab-generated
shafts (Fig. 7G). Other parts of the middle tidal
flat are represented by a sandy flat densely
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Neoichnology of the Mira River estuary 17

Fig. 6. Common trace-making organisms in the middle estuary (CBr) tidal flats and their burrows. (A, B) Poly-
chaetes Hediste diversicolor (yellow arrows) in their burrows. H. diversicolor produces vertical, inclined, U- and
Y-shaped, thickly lined burrows similar to Skolithos (Sk), Arenicolites (Ar) and Polykladichnus (Po). Inset: details
of H. diversicolor. (C) Isopod Cyathura carinata (yellow arrow) produces thin, vertical to inclined burrows similar
to lined Skolithos (Sk). (D) Thin and simple, vertical and horizontal burrows similar to Skolithos (Sk) and Palaeo-
phycus (Pa). (E) Living shells and imprints of Scrobicularia plana (yellow arrows) in dysoxic black sediments
forming simple, lined Skolithos (Sk) traces. (F) Disarticulated shells of Scrobicularia plana and Spisula solida on
the tidal flat surface. (G) Spongeliomorpha (Sp) burrow entrances/exits with chelae marks and faecal pellets (fp).
Inset: a carapace of Carcinus maenas. (H) Digit-like tracks and trackways (locomotion) similar to Coenobichnus
(Co) and faecal pellets (fp) left by Carcinus maenas/Uca tangeri. (I) Back-filled excavations with small mud pellets
attributable to Taenidium (Ta), likely formed by an insect or insect larvae. (J) Horizontal traces with Fe halo simi-
lar to Palaeophycus (Pa). (K) Upper tidal flat and marsh cliff covered in the growth of Sarcocornia sp. and Arti-
plex (Halimione) portulacoides. Mud clasts (md) are sourced from the marsh. (L) Psilonichnus burrows (Ps) made

by Uca tangeri/Carcinus maenas with associated root penetration structures (Rz).

covered by Zostera noltii (rhizoliths; Fig. 7G, H),
which becomes sparse towards the lower tidal
flat. Rare patches of bare mud are colonized by
bristle worms, Capitella capitata and Hediste
diversicolor (Fig. 7I inset). These form traces
similar to Planolites, Palacophycus, Skolithos,
Arenicolites and Polykladichnus (Fig. 7I). The
substrate is colonized by deeply burrowing
bivalves (e.g. Scrobicularia plana) found in a life
position at a depth of ~40 cm and the common
cockle Cerastoderma edule found disarticulated
on the sediment surface. Both bivalves likely
create vertical Skolithos, equilibrichnia-like
‘siphonichnidal burrows’ (e.g. Siphonichnus,
Scalichnus), and cubichnia-like Lockeia with
their siphon and foot.

The upper tidal flat is composed of 0.5 to
1 cm thick brownish muddy sand, underlain by
~1 cm of black, dysoxic mud (Fig. 7], K) and a
mixture of compacted sand and gravel beneath
(Fig. 7L). It is covered in small burrow openings
(1 to 2 mm in diameter), some of which appear
dome-shaped on the surface due to coiled-up
faecal strings. The burrows are vertical to sub-
vertical, slightly curving and extend to a depth
of 5 to 6 cm. They are likely produced by Eise-
nia fetida and Arenicola marina (Fig. 7] inset)
and are similar to Skolithos, Arenicolites and
Diplocraterion (Fig. 7]). U-shaped Arenicolites
and Diplocraterion and Y-shaped Polykladich-
nus (Fig. 7K) are produced by Corophium orien-
tale, Cyathura carinata and possibly by the
polychaete Pectinaria (Lagis) koreni. Small gas-
tropods with fusiform shells (2 to 3 mm in size)
crawl on the sandy tidal flats, leaving
Archaeonassa- and  Taphrhelminthopsis-like
traces. Vertical to inclined open shafts (~2 cm in
diameter) similar to Psilonichnus are formed by
variably sized Uca tangeri/Carcinus maenas.
Several articulated and disarticulated shells of

Cerastoderma edule, Spisula solida and Ensis
siliqua (Fig. 7L inset) were also noted on the
upper tidal flat, which may have produced Sko-
lithos and ‘siphonichnidal burrows’ (Wetzel
et al., 2017; Wetzel & Unverricht, 2020), includ-
ing Siphonichnus and Scalichnus (Stanistreet
et al, 1980; Zonneveld & Gingras, 2013;
Knaust, 2015; Shchepetkina et al., 2023) with
their siphon and foot. Even though a shell of
Cerastoderma edule was found in life position,
no associated traces were noted. Hediste diversi-
color is another important trace maker, creating
mucus- and mud-lined, horizontal, vertical,
inclined and Y-shaped traces similar to Palaeo-
phycus, Skolithos, Arenicolites, Diplocraterion
and Polykladichnus. Larger, horizontal burrows
(5 to 10 mm in diameter) similar to Planolites
and Palaeophycus (Fig. 7L) are likely the work
of larger polychaetes and annelids such as
observed Hediste diversicolor or previously
recorded Nepthys caeca, Boccardiella redeki and
Alkmaria romijni (Costa et al., 2001). As for
medium-sized (5 to 7 mm in diameter) Plano-
lites and Palaeophycus, they are likely produced
by Eisenia fetida and/or Arenicola marina. Even
smaller (0.5 to 1 mm in diameter) vertical (-
Skolithos-like) and horizontal (Planolites- and
Palaeophycus-like) traces were observed to be
formed by hair-like, red worms (Capitella capi-
tata or Heteromastus filiformis). Arenicolites-like
flexible tubes (>5 cm long) with an oxic halo,
preferential grain selection and a whitish
parchment-like material as a lining (Fig. 6]) are
probably produced by Arenicola marina or
Chaetopterus varipedatus.

Wherever the marsh zone exists, it presents
Psilonichnus- and Spongeliomorpha-like bur-
rows generated by Uca tangeri/Carcinus maenas,
whereas vegetated cliffs are full of roots and root
moulds.
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Burrow distribution: Digital image analysis burrow density using a maxima mask in Image],
Digital analysis of photographs collected in the total burrow area, and minimum and maximum
field allowed the calculation of quantitative burrow diameter, to characterize the observed
neoichnological parameters, such as open hole trace assemblage (Table 2, in grey). At the
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Fig. 7. Common trace-making organisms in the lower estuary (VNMF) tidal flats and their burrows. (A-B) Light-
coloured oxygenated versus black dysoxic sand penetrated by thin vertical, inclined and U-shaped burrows attrib-
utable to lined Skolithos (Sk), Arenicolites (Ar) and Diplocraterion (Di) made by juvenile Hediste diversicolor (yel-
low arrow) and the hairworm Capitella capitata (see inset). (C) Thinly lined Skolithos (Sk) and Arenicolites (Ar)
with whitish parchment-like material probably produced by Arenicola marina or Chaetopterus varipedatus. Inset:
tube-living worm Lagis koreni. (D) Fe halos (yellow arrows) surround burrows located deeper in the substrate. (E)
Smaller and larger Arenicolites (Ar) of Corophium orientale (yellow arrow) occupy the shallow tier. (F) Arenico-
lites (Ar) and knobbly Ophiomorpha (Op) in the lower tidal flat. Fe halos (yellow arrows) surround some deeper
burrows. (G) Tidal creek and sandy tidal flat are covered by microscopic algae, Spartina maritima, and Zostera
noltii. Eroded patches of firmer mud contain crab-produced traces similar to Psilonichnus (Ps). (H) A thin veneer
of light-coloured, oxic sand on top of the dysoxic, black sand that is densely penetrated by roots of Zostera noltii.
(I) Skolithos (Sk) and Polykladichnus (Po) burrows formed by Hediste diversicolor (inset) in tidal creek sediments.
(J) Skolithos (Sk) and Arenicolites (Ar) flexible tubes with preferential grain selection and a whitish parchment-
like material likely produced by Arenicola marina (inset) or Chaetopterus varipedatus. (K) Polykladichnus (Po)
and Arenicolites (Ar) traces likely produced by Corophium orientale, Cyathura carinata and/or Pectinaria (Lagis)
koreni in more cohesive substrates of the upper tidal flat. (L) Traces attributable to Palaeophycus (Pa) are likely
produced by larger polychaetes and annelids. Inset: disarticulated shells Cerastoderma edule, Spisula solida and

Ensis siliqua (left to right) found on the surface of the upper tidal flat.

middle estuary (CBr; Fig. 8A), the total area
occupied by trace makers ranges from 0.8% to
4.1%, which equates to a bioturbation index of
one to two (BI 1 to 2). Open burrow counts
range anywhere from 4250 to 6700 burrows/m?,
while minimum and maximum burrow opening
diameters (excluding open crab burrows) consti-
tute 1.2 to 2 mm and 2 to 3.5 mm, respectively.

At the lower estuary (VNMF; Fig. 8B), the
total burrow area equates to 1.4% and translates
to a bioturbation index of one (BI 1). The burrow
counts vary from 1550 to 3138 burrows/m?,
while minimum and maximum burrow opening
diameters (excluding crab open burrows) consti-
tute 2.1 to 2.6mm and 3.6 to 4.7 mm,
respectively.

CT scans

CT scans of push cores (35 to 50 cm long) provide
a more complete picture of the bioturbation sig-
nature in the tidal sediments at both estuarine
locations. The middle estuary tidal flats (CBr;
Fig. 9) reveal heterogeneous and locally rhythmic
substrates consisting of highly biogenically
reworked (BI 4 to 6) intervals (often with biogenic
mottling) and less bioturbated intervals (BI 1 to
3), showing better preservation of physical sedi-
mentary structures (i.e. fine planar lamination,
soft-sediment deformation, small-scale silt-
loading and subtle current ripples). CT images
also showcase a range of individual burrows such
as Arenicolites, Planolites, Lockeia, Scalichnus,
Siphonichnus and more rarely rhizoliths. More-
over, tiering relationships can be estimated. The
shallow tier is predominantly represented by bio-
genic mottling, Arenicolites, and Planolites, with

distributed gastropod debris and shell hash. The
deeper tier is reflected by ‘siphonichnidal bur-
rows’ similar to Scalichnus and Siphonichnus,
Arenicolites and rarer rhizoliths.

The lower estuary tidal flats (VNMF; Fig. 10)
also reveal interbedded sediments; however,
these are of more variable lithology than those of
the middle estuary. As well, these generally dis-
play lesser preservation and abundance of physi-
cal sedimentary structures, except for intervals
with planar lamination (muddy) and massive
bedding (sandy layers). Layering is only discern-
ible due to the preservation of organic debris. In
highly disturbed sediment layers, bioturbation
intensity varies from BI 3 to 5, with the predomi-
nant bioturbation signature being cryptic or bio-
genically mottled. In less bioturbated sections,
bioturbation intensity ranges from BI 1 to BI3.
Individual burrows are visible on CT scans. When
they are, in the shallow tier, they constitute bur-
rows similar to Skolithos, Arenicolites, Diplocra-
terion, Thalassinoides and Planolites, whereas in
the deep tier, ‘siphonichnidal burrows’, Palaeo-
phycus, Lockeia and Thalassinoides are observed.
The lower estuary cores also present elevated per-
centages of gastropods and shell hash.

DISCUSSION

Sediment distribution, organic matter and
calcium carbonate content

The middle estuary location (CBr) is character-
ized by silty sand and sandy silt (Fig. 2A,
Table 2), reflecting that moderate to low energy
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Fig. 8. An example of step-by-step Image] digital image analysis of the middle (A) and lower (B) estuary tidal
flats, depicting the original photograph (left), its black-and-white version (middle) and finally a maxima mask
(right). All images share the same scale as indicated on the original (left) photograph.

conditions prevail (Passega, 1964). Variations in
the mean grain size indicate fluctuations in the
hydraulic energy conditions during deposition,
likely reflecting the interplay of fluvial and tidal
currents. The sediments are also very poorly
to poorly sorted, being symmetrical to predomi-
nantly fine skewed, and meso- to leptokurtic
(Table 1).

The mean grain size of the lower estuary tidal
flats (VNMF) is more variable (Fig. 2B, Table 2),
ranging from very coarse silt to coarse-grained
sand, recording deposition of coarser sediments
(e.g. silty to gravelly sand). The sediments are
predominantly very poorly sorted, very fine to
fine skewed and show a wide range of graphic
kurtosis (e.g. platykurtic to very leptokurtic;
Table 1). These substantial changes in the statis-
tical parameters point to higher variability in
hydraulic energy and variable sediment sources
at this location (e.g. fluvial, marine and local
outcrops). Discrete lamina sets with positive and

more rarely negative skewness likely indicate
the bidirectionality of acting currents, recording
flood and ebb tidal currents. Normally, the con-
stancy of statistical parameters is attributed to
the stability of hydraulic conditions within the
environment (Martins, 1965). Herein, within
both observed localities, the statistical parame-
ters change, even though not dramatically,
which can be interpreted as variability of
hydraulic conditions within the estuary and sea-
sonality of deposition.

As for the organic and calcium carbonate con-
tent (Table 2), on average, the organic matter
content of the middle estuary tidal flats (CBr;
7.2%) is higher than that of the lower estuary
(VNMF; 5.3%). This can be explained by the
proximity to more extensive marsh areas in
the middle estuarine reaches, as well as by the
enhanced preservation potential of organic mat-
ter in finer, middle estuary sediments explained
by suspension settling in association with
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Fig. 9. High-resolution CT scans of two push cores from the middle estuary (CBr) tidal flat (for locations, refer to
Fig. 1B) sliced at 270° to 90°. (A-C) Core CBR1T.F. (D-F) Core CBR2T.F. From left to right: core depth in cm; dis-
tribution of organic matter content (%) and grain size (sampled vertically along core every 3 cm); daylight photo-
graph; annotated daylight photograph; and bioturbation index (BI). White dashed lines on (C) and (F) trace the
morphology of more complex burrows such as Siphonichnus (Si) and Scalichnus (Sc).

fine-grained sediments (Yeo & Risk, 1981).
Higher organic matter content translates to more
organic matter available to intertidal macro- and
microfauna, thus  potentially  explaining
increased burrow counts from the middle in
comparison with the lower estuary tidal flat sur-
faces (4250 to 6700 versus 1550 to 3138
burrows/m?). Moreover, higher burrow counts
may also be influenced by other factors, such as
sediment grain size and the magnitude of salin-
ity fluctuations. In contrast, the average calcium
carbonate content of the middle tidal flats
(1.6%) is much lower than that of the lower
estuarine tidal flats (20.8%), indicating shell
debris transported from the marine realm, higher
growth rates of marine organisms with calcium

carbonate shells and their broader availability
downstream.

Grain size and statistical analyses of the verti-
cal push cores introduce a temporal dimension
to sediment distribution. The properties and
characteristics of each core reflect the specific
environmental conditions at their respective
locations. The push cores recovered from the
middle estuary location (CBr) exhibit a consis-
tent composition. However, there are notable
distinctions when compared to the push cores
from the lower estuary (VNMF). The CBr
cores are characterized by finer-grained sedi-
ment, primarily consisting of mud. Their depo-
sition is a result of sediment sources (e.g.
marshes, tidal flats and turbidity maxima) and
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Fig. 10. CT scans of three push cores from the lower estuary (VNMF) tidal flat (for locations, refer to Fig. 1C)
sliced at 270° to 90°. (A—C) Core VNMF 1; (D-F) Core VNMF 2; and (G-I) Core VNMF 3. From left to right: core
depth in cm; distribution of organic matter content (%) and grain size (sampled vertically along core every 3 cm);
daylight photograph; annotated daylight photograph; and bioturbation index (BI). White dashed lines trace the
morphology of more complex burrows. Legend is the same as in Fig. 9.

the hydrodynamic activity (e.g. reworking, sus-
pension) within the middle estuarine environ-
ment. The elevated organic matter content in
these cores can be attributed to input from the
surrounding salt marsh vegetation through time.
Conversely, the carbonate content is low, indic-
ative of scarce shell-bearing organisms within
the sediments and/or faster dissolution of cal-
careous shells in the presence of elevated
organic matter levels (Aller, 1994). A few coarse
layers (sandy mud) may correspond to periods
of heightened precipitation and subsequent
increased fluvial discharge (i.e. river floods).
Less likely, these layers could result from storm
surges or more powerful spring flood tides (Yeo
& Risk, 1981).

The VNMF cores are coarser, represented by
sandy mud with several sandy layers, which

are likely associated with hydrodynamic epi-
sodes characterized by increased energy
dynamics (e.g. storm surges, stronger tidal cur-
rents). These cores show lower organic matter
contents and heightened calcium carbonate
contents, a scenario that can be explained by
their increased proximity to the oceanic
environment as described above. The distinct
locations of the VNMF push cores, with
VNMF1 being more distant from the main
river channel and VNMF2 and VNMF3 being
the closest, could contribute to the observed
differences among them, expressed in varying
bedding styles, sediment composition and trace
assemblages. This is also evident in the gradi-
ent of calcium carbonate content, increasing
from the middle to the lower tidal flat, from
VNMF1 to VNMF2 and VNMF3.
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Physico-chemical stresses

Physico-chemical stresses measured in the mid-
dle and lower estuary reaches impact the
neoichnological character of the Mira tidal flats
(Fig. 11). These include sediment grain size,
substrate consistency, subaerial exposure, water
salinity, pH, temperature and oxygenation. The
grain size of the substrate is controlled by
the Mira River transport capacity and the litho-
logical characteristics of the source rocks,
whereas substrate consistency depends on the
length of subaerial exposure, which in turn is
determined by tidal flat elevation (i.e. its terrace
levels). High marsh and upper tidal flat sedi-
ments of the CBr middle estuary tend to be
finer-grained and more compacted, due to pro-
longed subaerial exposure. By contrast, the
lower-middle tidal flats are characterized by sil-
tier and sandier compositions overlain by fluid
to semi-consolidated mud (up to 10 cm thick).

The VNMF lower estuary tidal flats contain
coarser sediments in their upper part and
slightly finer, better-sorted sediments towards
the lower-middle tidal flat. Such an inverse rela-
tionship is due to the upper tidal flat being
located near erosionally receding cliffs, which
source gravel-sized sediments and contribute to
the gravelly sand and gravelly muddy sand com-
positions. The sandy portion is likely locally
transported from nearby sandy beaches by tidal
or wave action, while riverine currents bring silt
and clay in suspension. Similar to the CBr mid-
dle estuary, substrate consistency on the VNMF
tidal flats changes according to the topographic
position, with marshy areas containing more
compacted sediments.

Lowered and/or fluctuating salinity has been
considered one of the main stress factors affect-
ing infauna in estuarine settings (Remane &
Schlieper, 1971; Grassle & Grassle, 1974; MacEa-
chern & Gingras, 2007; Gingras et al., 2011). In
the Mira system, the middle estuarine waters
(CBr) have lower salinity levels that range from
24.7 to 28.9%, compared to the lower estuary
(VNMF), which shows salinities ranging from
35.0 to 35.39%, (Table 2). This demonstrates a
typical estuarine gradient, where salinity
increases in the seaward direction (Fig. 11;
Dorjes & Howard, 1975; Howard et al., 1975;
Brown et al., 2002a; Adao et al., 2009; Solérzano
et al., 2017). Salinity in the Mira River estuary
also increases with the incoming tide, when the
salt wedge is pushed upstream, especially dur-
ing spring tides (Table 2; Paula, 1998; Medeiros
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et al.,, 2012; Fatela et al., 2016). A more signifi-
cant salinity increase was observed in the mid-
dle estuary at the CBr site from low to high
slack-water periods, with a change of 4.29,. By
contrast, in the lower estuary at the VNMF site,
salinities only increased by 0.39%,. This disparity
is a consequence of a very low fluvial discharge
in summer months and during dry periods
(Fig. 12A) that leads to more stable marine influ-
ence in the lower estuary during both low and
high tides.

The physico-chemical gradient along the Mira
River estuary is corroborated by the historically
averaged pH values that point to brackish water
at the CBr middle estuary. At CBr, the estimated
pH values are below normal pH for marine
water (8.1 to 8.3; e.g. Brown et al., 2002b),
increasing from 7.7 to 8.0 with the rising tide
and the consequent upstream migration of a salt
wedge (Table 2). The pH values measured at the
VNMF site at low (8.1) and high slack-water
periods (8.2) confirm that the Mira lower estuary
has no significant fluvial influence and remains
permanently under marine influence, particu-
larly during dry seasons (Fig. 12A).

The seasonal coastal upwelling that occurs
along the western Iberian Peninsula from April
to October (e.g. Fitiza, 1983; Relvas et al., 2007,
and references therein) is responsible for the
temperature drop with the incoming tide in the
Mira River estuary. In the middle (CBr) and
lower (VNMF) estuary, the temperature
decreases by 0.7°C and 4.8°C, respectively
(Table 2). The more significant temperature drop
in the lower estuary is a result of the larger (and
colder) tidal prism near the estuary mouth,
where it transitions into the open sea.

Dissolved oxygen concentration is another
crucial parameter that can influence infaunal
activity and lead to reductions in benthic ani-
mal populations (Dashtgard et al., 2015). The
rising tide has a complex effect on dissolved
oxygen concentration, especially in the Mira
River and Sado River estuaries (Matos, 2008).
Most Portuguese rivers have a drainage direc-
tion to the W or SW, including rivers like
Minho, Lima, Douro, Mondego and Tagus.
However, both the Mira and Sado drain
towards the N-NW due to tectonic constraints
(i.e. faults, structures). Because the Mira
River estuary lies within a plateau that forms
a canyon and with the middle estuary loca-
tion (CBr) aligned NNW-SSE (Fig. 1A), it is
dominated by strong NE-N-NW  winds
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Fig. 11. Changes in measured physico-chemical parameters (i.e. salinity, temperature, oxygen saturation and pH)
along the Mira River estuary with coordinates of the middle (CBr) and lower estuary (VNMF) study sites. Thicker
black lines represent an increase in the measured parameter, while thinner black lines indicate a decrease.

blowing during summer (Fig. 12B). These
winds funnel through the canyon and create
small waves called fluvial wavelets. As the
outgoing tide moves against the wind, it
causes friction at the water—air interface. The
wavelets increase surface agitation, enhancing
oxygen exchange and improving water oxy-
genation (Downing & Truesdale, 1955; Mout-
zouris & Daniil, 1995; Ribaudo et al., 2021).
This leads to a varied response of dissolved
oxygen levels between the lower and middle
sections of the estuary. Thus, in the lower
estuary (VNMF), dissolved oxygen increases
from 63.5 to 63.9% with the rising tide, add-
ing to the dynamic changes governed by the
tides (Table 2). However, in the middle estu-
ary (CBr), dissolved oxygen decreases from
89.4 to 75.7% with the rising tide (Table 2).

This inverse relationship may be linked to
the geomorphological peculiarity of the Mira
River, where wavelets preferentially develop
during falling tide in the middle estuary and
increase its dissolved oxygen levels.

Trace makers

Vermiform invertebrates (e.g. polychaetes, nem-
ertines, annelids and tube worms), amphipods,
bivalves and crustaceans constitute most of the
burrowing macrobenthos observed along
the Mira River estuary. Similarly, Costa
et al. (2001) reported that mudflats of the middle
Mira River estuary are dominated by deposit
feeders such as copepods, amphipods and poly-
chaetes (e.g. Hediste diversicolor, Nepthys
caeca), whereas the lower parts of the estuary
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are inhabited by bivalves, such as the peppery
furrow shell Scrobicularia plana, which use
siphons for surface feeding by extracting detritus
from the tidal flat sediments and for suspension
feeding by filtering particles from the water col-
umn. Other detritus feeders observed in the pre-
sent study, such as Carcinus maenas and Uca
tangeri, are widespread both in the middle and
lower estuarine reaches, whereas other crusta-
ceans (i.e. shrimps) use salt marsh and mud
tidal flats to feed on polychaetes, meiofauna and
detrital material. The burrows produced by ver-
miform organisms, isopods, amphipods and
crustaceans tend to represent dwelling and feed-
ing structures similar to Skolithos, Arenicolites,
Diplocraterion, Polykladichnus, Ophiomorpha,
Planolites, Palaeophycus and Thalassinoides.
Although the burrow orientation of Polykladich-
nus, Arenicolites, Palaeophycus, Thalassinoides
and Skolithos may appear similar or intergrada-
tional in cross-sections (Dashtgard, 2011a),
potentially produced by the same burrower in
this estuarine study, this is not universally the
case. These burrows tend to have a very simple
morphology (e.g. vertical, inclined and U-
shaped), rarely branch, are smooth-walled and
are nearly always mucous lined. They are pre-
dominantly observed within the shallow tier in
both fine- and coarser-grained sediments of the
middle and lower estuary and occur in intervals
characterized by high bioturbation intensity (BI
4 to 6) and lower organic matter content. Thus,
decreased organic matter can be attributable not
only to coarser grain size but also to higher
degrees of bioturbation and infauna actively pro-
cessing food resources found in situ in intertidal
flats (Dashtgard, 2011a).

In the Mira River estuary, ‘siphonichnidal bur-
rows’ (i.e. Scalichnus, Siphonichnus), Lockeia,
fugichnia and Skolithos are commonly associ-
ated with filter-feeding bivalves (e.g. Scrobicu-
laria  plana,  Corbicula  fluminea  and
Cerastoderma edule), where the burrow struc-
ture is variable based on bivalve functions.
‘Siphonichnidal burrows’ likely reflect the activ-
ity of bivalve siphons, and most bivalves use
siphons for filter feeding, thus representing
domichnia and equilibrichnia. Lockeia indicates
cubichnia, whereas Skolithos evidences perma-
nent dwelling (domichnia) and, less so, bivalve
filter-feeding activity with siphons. Bivalves are
also capable of moving short distances both ver-
tically and horizontally within the sediment,
creating vertically stacked burrows (Figs 9 and
10) interpreted as equilibrichnia and fugichnia

with some lateral migration (Fig. 9). These
bivalve-generated structures are predominantly
preserved in the deeper tier due to bivalve
infaunal lifestyle preferences, keeping them out
of reach of erosional processes and predation
(Wetzel & Unverricht, 2020). A detailed descrip-
tion of bivalve-generated trace morphology and
taphonomy in the Mira River estuary was previ-
ously outlined in Shchepetkina et al. (2023).

The last major group of burrowing infauna
constitutes the crustaceans, especially the shore
crab Carcinus maenas and fiddler crab Uca tan-
geri. These crabs leave a variety of traces (e.g.
Psilonichnus, Spongeliomorpha, Coenobichnus,
scratch marks (?), faecal pellets similar to Fav-
reina Bronnimann, 1955) (in Knaust, 2020).
These traces represent different burrowing crab
behaviours such as dwellings, crab locomotion,
surficial feeding, excretion and biodeposition,
reflecting such biotic parameters as the age of
the trace maker and such physico-chemical pro-
cesses as tidal cycles (i.e. high/low tide), salin-
ity, time of the day, substrate moisture and
marsh root density (Shchepetkina, 2025).

A potentially overlooked group of trace
makers in the Mira is represented by subtidal
feeders (e.g. Sparidae fish). Muniz et al. (2015)
and Belatistegui & Muniz (2016) reported from
the Piedras River (Lepe, Huelva, SW Spain) that
Sparidae fish are capable of leaving bite marks,
producing ‘cruzianaeform’ traces when grazing
and feeding on the bottom of tidal flats. Even
though these fish were not observed during
fieldwork by the authors, the crab-generated
scratch marks reported in Shchepetkina (2025)
might represent fish bilobed bite traces. This
observation is in line with the one made by Gin-
gras et al. (1999) in Willapa Bay, where they
recorded feeding pits left by Dungeness and
sturgeon when venturing onto tidal flats in
search of food.

Cryptobioturbation, indicated by extensive
biogenic mottling observed in CT scans of push
cores, reflects the activity of meiobenthos. More-
over, surface tracks and scratch marks as visible
in Figs 4C, 6H, and 8 would also contribute to
biogenic mottling in the mixed layer or upper
tier. While semi-quantification of cryptobiotur-
bation was not undertaken in this study, bur-
rows of small polychaetes (e.g. threadworms)
were observed in shallow trenches, and nema-
todes and copepods have been previously docu-
mented in the Mira tidal flats (Adao et al., 2009;
Alves et al., 2009). Cryptobioturbation and bio-
genic mottling appear localized in the middle

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

85U80| 7 SUOWWIOD @A1ea.D 3ol (dde U Ag pausenob e sajolie YO ‘8sn JO Sani o A%Iq1T 8UI|UO AB]IA UO (SUORIPUOD-pUR-SLLBY W00 A3 1M ARe.q 1 Ul juo//:SANU) SUORIPUOD PUe swiie | 81 89S *[5202/0T/20] uo Areiqi auljuo 48| ‘anebly o apepseAIuN Ag G002 PeS/TTTT OT/I0P/W00 A Im Areiq1uljuo//Sdny Wwoly papeojumod ‘0 ‘TE0ESIET



estuary push cores and more abundant in the
lower estuary push cores; however, it cannot be
reliably distinguished from successive tiering or
overprinting of biogenic structures.

Neoichnological distributions and controls on
bioturbation

Both plan view observations of tidal flats and
CT imaging of push cores indicate that the
diversity of traces and intensity of bioturbation
across the Mira tidal flats is heterogeneous,
changing vertically as well as across the tidal
flats (Fig. 13). For example, low-middle inter-
tidal zones of the middle estuary (CBr; Fig. 13A)
are characterized by moderately to highly
diverse, vertical to inclined, simple, thickly
lined and shallowly penetrating burrows such as
Skolithos, Arenicolites, Diplocraterion, Polykla-
dichnus, Palaeophycus (except for deeper pene-
trating ‘siphonichnidal burrows’) and surficial
scratch marks/‘cruzianaeform’, which change
laterally to an assemblage of Arenicolites, Diplo-
craterion,  Palaeophycus,  scratch  mark-
s/‘cruzianaeform’, faecal pellets and deeper
penetrating Thalassinoides and ‘siphonichnidal
burrows’ towards the middle-upper intertidal
flat. These give way, finally, to a less diverse,
more continental assemblage of traces similar to
Taenidium, Planolites, Coenobichnus, Psilonich-
nus, Spongeliomorpha, faecal pellets and root
traces in the marsh area (Fig. 13A). As such,
from an ichnological perspective, tidal flat sedi-
ments in a tide-influenced, mud-dominated mid-
dle estuary would be represented in the rock
record by a predictable progression of trace fos-
sils. In the lower to middle intertidal zone, the
sediments would contain mostly shallow dwell-
ing structures produced by siphon-feeding
organisms, with occasional deposit-feeding
traces. These would transition in the middle to
upper intertidal zone into a combination of
surface locomotion traces and deeper-tier
deposit-feeding and siphon-feeding structures.
Finally, the high intertidal to supratidal zone
would be characterized by sediments containing
permanent vertical to inclined dwellings, conti-
nental biogenic structures and surface locomo-
tion traces (Fig. 13). Digital analysis using
Image] reveals minimal variation in the size of
open-hole burrows across the three middle estu-
ary sites, with diameters ranging from 1.2 mm to
3.5 mm, excluding larger burrows created by
crabs. As for the intensity of bioturbation,
bedding-plane bioturbation intensity barely
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changes (BI 0 to 2; Fig. 8A), while vertically, BI
changes significantly from BI 1 to 3 to 4 to 6
(Fig. 9).

In the lower estuary (VNMF; Fig. 13B), similar
changes in the neoichnology are observed. Mod-
erately diverse and shallow-penetrating traces
similar to Skolithos, Arenicolites, Diplocraterion
(some with parchment-like linings), Polykladich-
nus, Palaeophycus, Lockeia, rhizoliths and
slightly deeper penetrating Ophiomorpha, Tha-
lassinoides and ‘siphonichnidal burrows’ char-
acterize the lower-middle sandy tidal flats,
which change laterally to an assemblage domi-
nated by low-moderate diversity of Polykladich-
nus, Skolithos, Arenicolites, Palaecophycus and
rare Thalassinoides in the upper intertidal zone.
This gives way to a low-diversity, more conti-
nental assemblage dominated by root traces, Psi-
lonichnus and Spongeliomorpha near the marsh
area. From a paleoichnological standpoint, tidal
flat sediments of a tide-influenced, mud-
dominated lower estuary would be reflected
in the rock record as a succession of ichnoas-
semblages reflecting environmental gradients.
The lower intertidal zone would be character-
ized by shallow to somewhat deeper, dwelling
structures of suspension and siphon feeders,
rarer deposit feeders, resting traces and rhizo-
liths, transitioning into slightly deeper, dwelling
burrows of suspension and, more rarely, deposit
feeders in the middle tidal flat. This would be
capped by a continental assemblage of crab
dwelling burrows interspersed with rhizoliths
(Fig. 13). Digital analysis using Image] shows
that open-hole burrows in the lower Mira estu-
ary are larger than those observed in the middle
estuary, with diameters ranging from 2.1 mm to
4.7 mm, excluding larger crab-generated bur-
rows, likely explained by higher salinity levels
and slightly lower water temperatures (e.g. Bua-
tois et al., 2005; Gingras et al., 2007, 2011). Sur-
ficial BI remains relatively consistent across the
lower estuary tidal flats (BI 0 to 1; Fig. 8B). In
contrast, vertical BI exhibits greater variability,
ranging from BI 1 to 3 to BI 3 to 5 (Fig. 10).

Both recorded neoichnological trends (CBr
and VNMF) reflect various environmental gradi-
ents across the tidal flats and are the result of
organism behaviours principally controlled by
substrate consistency, duration of subaerial
exposure, sediment grain size (e.g. sandy tidal
flats versus muddy tidal flats), rates of sediment
deposition and biogenic reworking, salinity,
energy conditions at the bed, types of food and
its  availability, oxygenation, temperature
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Fig. 13. Schematic diagrams of ichnological assemblages at the middle (A) and lower (B) estuary tidal flats along
A to A’ and B to B’ lines (for cross-section position, refer to Fig. 2). Thickness of the lines/burrows indicates size
of their producers, with the lower estuary characterized by increased trace size.

and pH (Howard, 1975; Frey, 1978; Savrda
et al., 1984; Gingras et al., 1999; MacEachern
et al., 2012).

Sediment texture, grain size and consistency
are some of the most important factors control-
ling the trace distribution on the middle and
lower estuary tidal flats. For example, in the
middle estuary tidal flat (CBr), where up to three
terraces are present (corresponding to the lower,
middle and upper tidal flat) (Figs 2, 4A and 13),
sediment texture and consistency vary. The
upper 3 to 10 cm of substrate on the lower and
middle terraces consists of unconsolidated sedi-
ments with a soft to locally fluid consistency.
Such consistency is often referred to as a ‘soup-
ground’ (Ekdale, 1985; Gingras et al., 2000) and
shows minimal bioturbation, as infauna has to

‘swim’ through the sediments (Lobza & Schie-
ber, 1999), resulting in indistinct traces known
as ‘biogenic mottling’. Slightly more consoli-
dated sediments below 3 to 10 cm of depth and
higher towards the middle and upper tidal flat
consist of muddy softground fully covered in
crab-generated scratch marks (Shchepetkina
et al., 2023), which might alternatively represent
fish-generated ‘cruzianaeform’ fish bite marks
(Muniz et al., 2015; Belaustegui & Muniz, 2016),
and open, well-maintained dwelling and sedi-
ment feeding structures often impregnated with
mucus. This soft, muddy substrate is dominated
by bivalves, polychaetes and burrowing crusta-
ceans similar to other examples provided by
Dashtgard et al. (2008) and Yang et al. (2009).
The substrate found higher up is stiffground

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

85U80| 7 SUOWWIOD @A1ea.D 3ol (dde U Ag pausenob e sajolie YO ‘8sn JO Sani o A%Iq1T 8UI|UO AB]IA UO (SUORIPUOD-pUR-SLLBY W00 A3 1M ARe.q 1 Ul juo//:SANU) SUORIPUOD PUe swiie | 81 89S *[5202/0T/20] uo Areiqi auljuo 48| ‘anebly o apepseAIuN Ag G002 PeS/TTTT OT/I0P/W00 A Im Areiq1uljuo//Sdny Wwoly papeojumod ‘0 ‘TE0ESIET



(Lettley et al., 2007), often with a mud-cracked
surface. It is consolidated and de-watered
enough for fauna to maintain wide, open bur-
rows without mucus and linings similar to
Spongeliomorpha and Psilonichnus (Figs 4C and
13; Gingras et al., 2000; Gingras & Bann, 2006;
Lettley et al., 2007; La Croix et al., 2022).

It is not only sediment consistency but also
the increased duration of subaerial exposure,
being the function of elevation and tidal range
that can explain the change in trace ethology
across the tidal flats. With increased subaerial
exposure (i.e. towards the supratidal zone and
marsh), the diversity and population density of
burrowing animals decline, with polychaetes
and bivalves being replaced by crustaceans,
which are better adapted to withstand physico-
chemical stresses caused by prolonged subaerial
exposure (Hantzschel, 1939; Swinbanks & Mur-
ray, 1981; Gingras et al., 1999; Pearson & Gin-
gras, 2006; Dashtgard, 2011a) and as a result of
adaptations to a fossorial mode of life (Koo
et al., 2007).

The lower estuary (VNMF) is defined by
higher sand content and less developed terrac-
ing, thus having a more uniform distribution of
traces (Fig. 13). Sandy sediments, especially the
fine- and medium-grained sands, are more prone
to rapid reworking by infauna (Alexander et al.,
1993). Coarser sediment grain size also leads to
more sediment instability, forcing trace makers
to stabilize their burrows with mucus lining,
sediment pellets (e.g. Ophiomorpha) or
parchment-like linings (Bromley, 1996; Dasht-
gard et al., 2008; Dashtgard & Gingras, 2012), as
often observed in the Mira tidal flats.

Seasonal variations in rates of bioturbation
and sedimentation are likely responsible for dif-
ferences in the observed bioturbation intensity
for both the middle and lower estuary. Although
the low and stable plan-view bioturbation inten-
sity (BI O to 2) does not fully equate to the verti-
cal BI and should be higher, being based solely
on vertical and subvertical burrow openings and
excluding crab burrows and surface biogenic
structures, it still likely reflects a short-term
‘snapshot’ of benthic conditions (Marenco &
Bottjer, 2010). On the contrary, a drastic change
in BI in a cross-sectional view (BI ranging from
0 to 6) indicates seasonality of deposition,
where strongly burrowed intervals reflect lower
sedimentation rates and higher rates of biogenic
reworking (Gingras et al., 1999; Gingras et al.,
2025). The observed discrepancy in BI between
the plan and cross-sectional views is partially
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indicative of the cumulative effects of both
physical and biological conditions that operate
over longer time periods (Marenco & Bott-
jer, 2010), where the sediments are reworked by
successive generations of infauna (Dashtgard,
2011a, 2011b; Ayranci et al., 2014). It is also
possible that plan- and cross-sectional views
reflect different burrow morphologies and vari-
ous orientations of the 2D view of burrows
(Mcllroy, 2004; Eltom et al., 2022; Melnyk et al.,
2025). It is important to note, however, that
most likely, the BI measured in plan view is
limited and represents only a minimum esti-
mate, as it is based solely on visible open verti-
cal and subvertical burrow openings and
excludes other burrow morphologies, orienta-
tions, and surface biogenic structures.

Salinity in the Mira River estuary has been
identified as the primary stress factor affecting
infaunal distributions (Medeiros et al., 2012).
The brackish-water conditions in estuaries
change temporally on semi-diurnal and seasonal
time scales (Chapman, 1981; Gingras et al.,
1999; La Croix et al., 2015; La Croix & Dasht-
gard, 2015) and spatially along the estuary, cre-
ating the so-called physico-chemical gradient
between the freshwater, brackish-water, and
fully marine reaches (Fig. 11; Dorjes & Howard,
1975; Howard et al., 1975; Alves et al., 2009;
Medeiros et al., 2012). Temporal variations in
trace distributions in the Mira are also often
attributed to the seasonality of climate and vari-
ations in fluvial flux (Medeiros et al., 2012;
Fatela et al.,, 2016), where variations in fluvial
discharge or the amount of rain (Fig. 12A) may
lead to seasonal shifts in the propagation of the
salt wedge and turbidity maximum, thus affect-
ing the nature of the substrate and infaunal colo-
nization (Gingras et al., 2002b; Buatois et al.,
2005). Temporal and spatial variations in meio-
faunal distributions have also been well-
documented (Heip et al., 1985; Austen & War-
wick, 1989; Moens & Vincx, 2000; Steyaert
et al., 2003). Salinity fluctuations and overall
low salinity are well-known to place limitations
on the size of burrowers by impairing their abil-
ity to regulate ionic and osmotic balance and
disrupting the maintenance of cellular fluid
chemistry (Croghan, 1976; Felder, 1978;
Pequeux, 1995). The trend of trace size diminu-
tion up-estuary observed in the Mira is corrobo-
rated by other neoichnological studies (e.g.
Heckel, 1972; Pemberton et al., 1982; Gingras
et al., 1999, 2011, 2012; Gunn et al.,, 2008;
Hauck et al., 2009; Shchepetkina et al., 2016b).
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Decreasing salinity has also been reported to
lead to a decrease in the density and diversity of
burrowing organisms landward. However, in the
case of the Mira River estuary as well as the Fra-
ser River delta (BC, Canada; Dashtgard et al.,
2008; Dashtgard, 2011a, 2011b), a decrease in
salinity does not correspond to a decrease
in trace diversity and a range of burrowing
behaviours. In contrast, both increase towards
the muddier middle estuary locale. Such a con-
tradiction might signal that trace diversity is not
only controlled by salinity but is also strongly
influenced by substrate conditions, with finer-
grain size being more favourable to infaunal col-
onization (Dashtgard et al., 2008; Dashtgard,
2011a, 2011b; Ayranci et al., 2014), by increased
oxygenation, better food availability (higher
organic matter %) and the adaptability of the
benthic community to fluctuating and decreased
salinity.

The Mira River estuary neoichnological trends
are similar to other reported brackish water ich-
nocoenoses, being typified by (1) an overall low
to moderate ichnodiversity (Figs 6, 7 and 13,
Table 2), (2) relatively high trace density (Figs 8
to 10, Table 2) with the sediment surfaces being
highly reworked overall, as well as in the push
cores, (3) traces decreasing in size landward
(Table 2) and (4) an infaunal assemblage of sim-
ple vertical and horizontal traces (e.g. Pember-
ton et al., 1982; Beynon et al., 1988; Pemberton
& Wightman, 1992; Gingras et al., 1999; Pearson
& Gingras, 2006; Gingras et al., 2011; Shchepet-
kina et al., 2016b; Gingras et al., 2025). Similar
to other neoichnological studies conducted on
the Fraser River delta (BC, Canada; Dashtgard
et al., 2008; Dashtgard, 2011a, 2011b), Willapa
Bay (USA; Remane & Schlieper, 1971; Clifton &
Phillips, 1980; Gingras et al., 1999), Kouchibou-
guac Bay (NS, Canada; Hauck et al., 2009) and
Ogeechee River estuary (USA; Dorjes & How-
ard, 1975; Gunn et al., 2007, 2008; Shchepetkina
et al., 2016a), in the Mira River estuary, biotur-
bation intensity, total burrow area and burrow
counts increase from the sandier lower estuary
to the mud-dominated middle estuary tidal flats.

Energy conditions at the bed might also help
explain some of the neoichnological trends,
where the interplay between tidal versus fluvial
hydraulic energy causes a highly dynamic envi-
ronment that affects substrate consistency and
sediment deposition rates, potentially influenc-
ing burrow stability and preservation (Wetzel &
Unverricht, 2020). For example, the develop-
ment and shifting of sandy bars in the lower

estuary promote filter feeding over surface and
intrastratal deposit feeding (Gingras et al., 2025),
resulting in the greater abundance of Skolithos,
Scalinichnus, Ophiomorpha and parchment-
lined burrows. Moreover, the sandy beds in the
lower estuary (Fig. 10) are often massive looking
and contain broken bioclasts, reflecting rapid,
incremental deposition of event beds that inhibit
infaunal colonization. As for the middle estuary,
planar parallel laminated beds and those with
current ripple lamination (Fig. 9) are frequently
non-bioturbated, suggesting the influence of sea-
sonal fluvial floods.

The individual influences of temperature, oxy-
genation and pH on the estuarine neoichnologi-
cal assemblage in the Mira Estuary cannot be
distinctly identified and require further experi-
mental studies and detailed analyses to be fully
understood. However, as per general guidelines,
an increase in temperature and its daily and sea-
sonal fluctuations (i.e. temperature stress; La
Croix et al., 2022) negatively impacts trace fossil
producers, limiting their variability and size,
mainly under the coastal upwelling season
(April to September). Moreover, temperature
stress (both the elevated temperatures during the
summer and lower temperature during the win-
ter) increases with tidal flat elevation, leading to
a decrease in the number of species and individ-
uals (Johnson, 1965), whereas temperatures low
enough to result in ice can lead directly to
infaunal mortality and unbioturbated deposits
(Yeo & Risk, 1981; Martini & Morrison, 1987;
Aitken & Risk, 1988; Wilson, 1990; Martini, 1991;
Dale et al., 2002; Dashtgard et al., 2014). Inter-
estingly, a study by Koo et al. (2007) revealed
that at higher temperatures and thus at higher
tidal flat elevations, infauna preferred to con-
struct deep, vertical burrows, seeking refuge
from extreme environmental conditions—a trend
similar to the one observed in the Mira tidal
flats (Fig. 13). Johnson (1965) also mentioned
that, unfortunately, the effects of temperature
stress on the resultant infauna and traces cannot
be easily disentangled from the effects of local
climate, water temperature, tidal cycles and type
of sediment.

As for the role of oxygenation, it is one of the
most difficult variables to isolate, with multiple
studies devoted to resolving its effects on the
resultant ichnocoenoses (Bromley &
Ekdale, 1984; Savrda et al., 1984; Martin, 2004;
Dashtgard et al., 2015; Dashtgard & MacEa-
chern, 2016). In estuarine environments, the role
of oxygenation is closely intertwined with

© 2025 The Author(s). Sedimentology published by John Wiley & Sons Ltd on behalf of

International Association of Sedimentologists, Sedimentology

85U80| 7 SUOWWIOD @A1ea.D 3ol (dde U Ag pausenob e sajolie YO ‘8sn JO Sani o A%Iq1T 8UI|UO AB]IA UO (SUORIPUOD-pUR-SLLBY W00 A3 1M ARe.q 1 Ul juo//:SANU) SUORIPUOD PUe swiie | 81 89S *[5202/0T/20] uo Areiqi auljuo 48| ‘anebly o apepseAIuN Ag G002 PeS/TTTT OT/I0P/W00 A Im Areiq1uljuo//Sdny Wwoly papeojumod ‘0 ‘TE0ESIET



sediment grain size, salinity and sedimentation
rates (MacEachern et al., 2007). According to the
current ichnological models, reduced dissolved
oxygen levels result in smaller trace sizes,
decreased trace abundance and ichnodiversity,
shallower tiering and an increase in the number
of burrows open to the sediment-water interface
(Levin, 2003; Gooday et al., 2010; Dashtgard &
Gingras, 2012; Dashtgard et al., 2015; Dashtgard
& MacEachern, 2016; La Croix et al., 2022). In
contrast, increased oxygen available to burrow-
ing organisms leads to more robust burrows
(Gingras et al., 1999), deeper burrow penetration
and an increase in subsurface mining (Dashtgard
& Gingras, 2012). Normally, oxygenation of
water and substrate increases towards the lower
estuary and especially in the lower tidal flats
due to longer inundation times (Gingras et al.,
1999). In contrast, in the Mira River estuary,
water oxygenation increases towards the middle
estuary (see physico-chemical stresses), likely
explaining an insignificant decrease in open bur-
row diameter as well as the atypical increase in
trace diversity landward.

Research on the effects of pH on ichnofossil
and neoichnological communities is highly lim-
ited and entirely lacking for tidal flats, highlight-
ing the need for further studies. However,
existing research on major shifts in past ocean pH
indicates that increased water acidification can
reduce trace fossil abundance and diversity, con-
tributing to mass extinctions (Gonzalez et al.,
2022). In this study, waters in the lower estuary
are more alkaline (pH 8.1 to 8.2) compared to the
middle estuary (pH 7.7 to 8.0), with pH values in
both locations increasing during the high tide.
This trend correlates well with salinity values,
reflecting mixing between more alkaline ocean
water (higher pH and higher salinity) and more
acidic fresh water (lower pH and lower salinity).
This difference in pH levels may also help
explain smaller burrow diameters observed in the
upper estuary relative to the lower estuary
(Table 2). However, other environmental factors
discussed earlier may be more significant in con-
trolling the neoichnological community.

Trace preservation

Preservation potential of traces found in intertidal
and supratidal sediments in estuaries primarily
depends on the preservation of tidal flats them-
selves, which is inherently challenging due to
their dynamic and often erosional nature
(Frey, 1978; Dworschak, 1983;
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Shchepetkina, 2025). Braat et al. (2023) indicated
that sediments in estuaries, particularly at higher
elevations above the high tide line, have low pres-
ervation potential. Only about 40% of these sedi-
ments are retained in the rock record, while
approximately 60% are subject to reworking, sus-
pension and erosion. Moreover, the intertidal and
supratidal flat sediments can be removed by inter-
tidal creeks, ravinement surfaces developed dur-
ing regional transgression or truncated by
channel meandering itself (Reineck & Singh, 1975;
Clifton & Phillips, 1980; Yeo & Risk, 1981; Gin-
gras et al., 1999). Middle estuary muddy tidal flats
have better chances of preservation because they
are harder to erode due to the cohesive nature of
mud (Gingras et al., 1999; Shchepetkina et al.,
2016¢), thus allowing a better preservation of both
the shallow and deeper tiers in the rock and sedi-
mentary record. In contrast, lower estuary tidal
flats tend to be sandier and are often reworked by
meandering channels, thus tending to favour the
preservation of only the deepest burrows, with
shallower traces eroded (Yeo & Risk, 1981; Gin-
gras et al., 1999). The traces such as Psilonichnus,
Spongeliomorpha, Ophiomorpha, Thalassinoides
and ‘siphonichnidal burrows’ will have the high-
est preservation potential. They tend to occupy
the deepest tiers, that is, can penetrate up to 1 m
below the surface of sand and mud tidal flats (Ste-
phenson, 1965; Frey & Mayou, 1971; Seibold
et al., 1973; Wetzel & Unverricht, 2020), espe-
cially when they are located in more consolidated
middle-upper intertidal flat and salt marsh
sediments (Allen & Curran, 1974; Frey et al,
1984; Frey & Pemberton, 1987). Shallower- to
mid-tier assemblages consisting of Skolithos-,
Arenicolites-, Diplocraterion-, Polykladichnus-,
Palaeophycus-, Lockeia-like structures and rhizo-
liths will generally obliterate any structures pro-
duced by organisms in the shallowest levels
(Ekdale & Bromley, 1991), but have a good chance
of preservation, if the substrate is a more cohesive
softground to stiffground at some depth below the
sediment-water interface. However, with passing
time, even the shallower to mid-tier burrows of
tidal flats tend to be overprinted, cross-cut or
eroded, leading to a higher preservation potential
of deepest tiers (Werner & Wetzel, 1982; Ekdale
et al., 1984; Frey & Bromley, 1985; Bromley, 1990,
1996; Wetzel, 1991; Buckman, 1996; Dashtgard,
2011a; Médngano & Buatois, 2016; Valencia et al.,
2022), thus creating a taphonomic bias.

Surficial traces such as locomotion trackways,
trails and general biogenic disturbance repre-
sented by traces similar to Coenobichnus,
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‘cruzianaeform’, biodeformational structures,
cryptic bioturbation and soupground ‘swim’
traces (Hallam, 1975; Seilacher, 1978; Rindsberg &
Kopaska-Merkel, 2013; Muniz et al, 2015;
Belatstegui & Muniz, 2016; Unno & Seme-
niuk, 2019) will have the lowest preservation
potential, being most easily destroyed by fluvial
currents, tidal action, storms, rain splash, defla-
tion at low tide, with only a fraction of surficial
traces passing into the rock record (Jensen et al.,
2005; Chakrabarti et al., 2006). Droser et al. (2002)
state that the preservation of shallow-tier traces is
essential for accurately determining benthic activ-
ity. However, modern tidal flats are highly suscep-
tible to deep sediment mixing, which can obscure
or remove these traces, resulting in an artificially
diminished representation of the original trace
community (Shchepetkina et al., 2023). The only
way to preserve delicate surficial traces is the
occurrence of rapid sedimentation events, such as
storm deposits or waning flood events (Seila-
cher, 1978; Unno & Semeniuk, 2019). The preser-
vation of surficial traces may also be enhanced
when a sharp transition exists between sand and
mud layers, effectively sealing off underlying
structures from further modification (Seila-
cher, 1978; Jensen et al., 2005). Other signs of bio-
genic activity commonly found on the Mira tidal
flats that can pass into the record include faecal
pellets (microcoprolites). They are often attributed
to decapod crustaceans, can serve as biostrati-
graphic markers (Blau et al., 1993) and are fre-
quently preserved in soft marine sediments,
carbonate ramps and deep-sea  settings
(Senowbari-Daryan & Bernecker, 2005; Peckmann
et al., 2007). Despite the pellets often found in
surface pits made by fish, burrows of other
infauna, flaser beds and in small tidal channels
(Yeo & Risk, 1981), their preservation in intertidal
settings can be compromised depending on
mechanical degradation, reworking or even con-
sumption by other infauna (Rindsberg & Kopaska-
Merkel, 2013).

CONCLUSIONS

The neoichnological characteristics of the mesoti-
dal, almost pristine Mira River estuary tidal flats
provide insights into smaller scale estuarine sys-
tems in the rock and sedimentary record. Our
results suggest that various physico-chemical stres-
ses such as salinity, food availability, fluvial influx,
subaerial exposure and sediment characteristics
(i.e. sediment type and consistency) shape the

distribution and diversity of biogenic structures
across the tidal flats, creating heterogeneity. The
individual influences of temperature, oxygenation,
and pH on the estuarine neoichnological assem-
blage remain unclear and require further experi-
mental studies and detailed analyses to be fully
understood.

The middle estuary tidal flats (CBr) are com-
posed of poorly to very poorly sorted silty sand,
sandy silt, silt and slightly gravelly muddy sand.
They host a moderately to highly diverse
neoichnological suite with simple, lined, verti-
cal, inclined to horizontal and Y-shaped bur-
rows. Burrow counts range from 4250 to 6700
burrows/m?, with minimum and maximum trace
diameters of 1.2 to 2 mm and 2 to 3.5 mm,
respectively. The suite exhibits a minimum plan
view bioturbation intensity of 1 to 2, which was
measured solely on vertical and subvertical bur-
row openings and excluding crab burrows and
surface biogenic structures. The vertical biotur-
bation intensity is sparse to complete (BI 1 to 6),
indicating a typical brackish-water suite (i.e. the
typical Teichichnus Ichnofacies) influenced by
strongly fluctuating environmental conditions.

The lower estuary tidal flats (VNMF) are com-
posed of a wider range of coarser-grained sedi-
ments including poorly sorted, gravelly medium-
to coarse-grained sand, gravelly muddy sand,
sandy silt, silty fine- to medium-grained sand and
medium-grained sand. These sediments are occu-
pied by a low to high diversity neoichnological
assemblage, characterized by low horizontal bio-
turbation intensity (BI 1), sparse to abundant verti-
cal bioturbation intensity (BI 1 to 5), simple, lined,
vertical, inclined to horizontal and Y-shaped bur-
rows, with lower burrow counts (1550 to 3138
burrows/m?) and larger minimum and maximum
trace sizes (2.1 to 2.6 mm and 3.6 to 4.7 mm,
respectively). The lower estuary location exhibits
increased calcium carbonate content and
decreased organic matter content, reflecting the
overpowering influence of the nearby ocean.

In the Mira River estuary, bioturbation intensity,
total burrow area and open burrow counts increase
from the sandy lower estuary to the muddy middle
estuary tidal flats, while the trace diversity
decreases. This pattern suggests enhanced food
availability (higher organic matter %) and finer
sediment grains that are conducive to infaunal col-
onization. However, trace sizes decrease up-
estuary, indicating escalating physico-chemical
stress. The most common traces are produced by
vermiform invertebrates (e.g. polychaetes, nemer-
tines, annelids and tube worms), amphipods,
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bivalves, crustaceans, fish, and meiofauna, pre-
dominantly forming Skolithos, Arenicolites, Diplo-
craterion, Thalassinoides, Planolites and rarely
‘siphonichnidal burrows’ in the shallower tier and
Palaeophycus, Lockeia, Thalassinoides, ‘sipho-
nichnidal burrows’ and rhizoliths in the deep tier.
The potential for trace preservation depends on
their position within the substrate (shallow, mid-
dle versus deep tiers), the substrate composition
(with different trace assemblages preserved in
muddy versus sandy substrates), the physical
energy of the locale and the overall preservation
potential of tidal flats. This study contributes to
ongoing efforts to identify facies variability across
estuarine tidal flats worldwide and in the geologic
record, offering insights into organism communi-
ties, depositional environments and physico-
chemical stress conditions.
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